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Abstract
In species where females mate promiscuously, the reproductive success of males depends both on their ability to acquire
mates (pre-copulatory sexual selection) and ability of their ejaculates to outcompete those of other males (post-copulatory
sexual selection). Sperm competition theory predicts a negative relationship between investment in body traits favouring
mate acquisition (secondary sexual characters, SSCs) and investment in ejaculate size or quality, due to the inherent costs of
sperm production. In contrast, the phenotype-linked fertility hypothesis posits that male fertilizing efficiency is reliably
reflected by the phenotypic expression of male SSCs, allowing females to obtain direct benefits by selecting more
ornamented males as copulation partners. In this study, we investigated the relationships between male SSCs and size and
quality (viability and longevity) of ejaculates allocated to females in mating trials of the freshwater crayfish
Austropotamobius italicus. We showed that the relative size of male weapons, the chelae, was negatively related to
ejaculate size, and that chelae asymmetry, resulting from regeneration of lost chelipeds, negatively covaried with sperm
longevity. Moreover, males allocated more viable sperm to mates from their own rather than different stream of origin. Our
findings thus suggest that, according to sperm competition theory, pre-copulatory sexual selection for large weapons used
in male fighting may counteract post-copulatory sperm competition in this crayfish species, and that investment in cheliped
regeneration may impair ejaculate quality.
Citation: Galeotti P, Bernini G, Locatello L, Sacchi R, Fasola M, et al. (2012) Sperm Traits Negatively Covary with Size and Asymmetry of a Secondary Sexual Trait in
a Freshwater Crayfish. PLoS ONE 7(8): e43771. doi:10.1371/journal.pone.0043771
Editor: Sean Walker, California State University Fullerton, United States of America
Received June 8, 2012; Accepted July 25, 2012; Published August 20, 2012
Copyright:  2012 Galeotti et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
Funding: This research was funded by a Ministero dell’Istruzione, dell’Universita` e della Ricerca (MIUR) grant to PG (PRIN 2008, CUP F11J10000010001). The
funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
Competing Interests: The authors have declared that no competing interests exist.
* E-mail: diego.rubolini@unimi.it
Introduction
When females are polyandrous, both pre- and post-copulatory
sexual competition can occur [1,2], and paternity success of males
may be affected by secondary sexual characters (arms or
ornaments, SSCs hereafter) as well as by traits influencing
fertilizations success. Males can thus win the paternity race by
both being more attractive (sexy or strong) and/or more fertile.
Sperm competition theory predicts that pre- and post-copulatory
forms of sexual selection counteract each other [1,3]. Specifically,
since males should increase their investment in sperm production
as sperm competition increases, and the amount of energy needed
to produce both SSCs and sperm cells is limited, there should be a
negative relationship between investment in ejaculate size/quality
and investment in all other reproductive traits, including those that
influence mate attraction [1]. In practice, males may face a trade-
off between sperm production/fertilization efficiency and mate
acquisition [4].
Some empirical studies on insects, fish and birds supported the
hypothesis of a negative relationship between exaggerated arms or
ornaments and ejaculate size/quality (e.g. [4–7]). In contrast,
other studies failed to find any sort of association between SSCs
and ejaculate traits (e.g. [8–11]), and many others revealed instead
positive relationships between investment in ejaculate size/quality
and investment in secondary sexual characters (e.g. [12–18]). In
the latter case, according to the phenotype-linked fertility
hypothesis [19], male exaggerated SSCs may have evolved as
reliable signals of male fertilization efficiency via condition-
dependency of both ornaments and sperm. Under this scenario,
more ornamented/armed males are advertising their ability to
provide enough and efficient sperm to fertilize an entire set of ova,
and females may directly benefit by choosing such males if they
thereby improve the chances of mating with more fertile partners.
However, experimental evidence of fecundity benefits associated
with female mating preferences for showy males is presently
limited or ambiguous [16,20].
Astacid freshwater crayfish offer a valuable opportunity to study
the relationships between weapons (chelae), that provide benefits
in intermale conflicts [21], and ejaculate traits, as shaped by sperm
competition and/or female cryptic choice. Crayfish have a
promiscuous breeding system, which includes multiple mating,
sexual coercion, absence of mate guarding and paternal care, and
a peculiar mode of external fertilization and sperm competition
(see ‘Study organism’ below). In this study, we used the freshwater
crayfish Austropotamobius italicus (Faxon 1914; Crustacea: Astacidae)
as a model to investigate the relationships between male SSCs and
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size and quality (viability and longevity) of ejaculates allocated to
females during mating.
Males and females at maturity (from the third year onward)
possess a similar carapace, but male chelae are 25% larger than
those of females, because male (but not female) chelae size
increases allometrically with carapace length throughout life [21–
23]. Chelae are used to threaten and attack opponents during
inter-male conflicts, as well as to seize, overturn and position
females prior to and during copulation [24]; mating is in fact
rough and often coercive, since females may resist male advances
[25,26]. Chelae autotomy, an antipredator adaptation enhancing
survival chances of individuals [27], commonly occurs in this and
other decapods, but regeneration of lost chelipeds leads to a large
asymmetry in chelae size, which disfavours males during contests
over resources [21,28], as well as during mating and sperm
removal [26]. Thus, male chelae size and symmetry may be the
targets of both pre- and post-copulatory sexual selection
[21,26,29]. In our previous mating experiments that excluded
potential confounding effects of male-male competition we did not
find any evidence of pre-copulatory mate choice by females, since
latency to mating and insemination did not vary according to body
size, chelae size or asymmetry [25,30]. However, a post-copulatory
female cryptic choice in the form of differential allocation may
occur, since females lay larger eggs but smaller clutches when
paired with relatively small-sized, large-clawed males, and larger
clutches of smaller eggs for relatively large-sized, small-clawed
males [31].
A previous study on a different crayfish population showed that
ejaculate size of A. italicus increased with female body size and
copulation date, but was not correlated with male body size,
chelae size or chelae asymmetry when excluding the effect of a
few, very large and possibly senescent, individuals [30,32].
However, sperm traits other than ejaculate size may contribute
to paternity, namely sperm viability, longevity and mobility (see
[33] and references therein), and male SSCs might reflect these
sperm characteristics rather than sperm number.
In this study, differently from previous ones [25,30–32], we
conducted mating trials using male and female crayfish assorted at
random concerning body and chelae size, to obtain data on
ejaculate size and quality while mimicking more natural mating
conditions. If the phenotype-linked fertility hypothesis applies to
this crayfish species, we predicted a positive relationship between
SSCs (chelae size) and sperm traits (ejaculate size, viability and
longevity). Alternatively, in line with sperm competition theory, we
may expect a negative association between investment in SSCs
and sperm traits, since ejaculate size/quality may be traded
against investment in pre-copulatory sexual traits, resulting in
lower-quality ejaculates for larger-clawed males. In both cases,
since regenerating a lost cheliped may compete energetically with
spermatogenesis, we expected a negative association between
sperm traits and chelae asymmetry.
Materials and Methods
Study Organism, Subjects and Housing Conditions
Austropotamobius italicus is a long-lived (maximum lifespan is 10–
13 years) crayfish native to Italy [34,35], which reproduces in
October–November [36]. Insemination takes place when males
attach some spermatophores to the thoracic sternites of females,
mainly on a specialized external receptor, the spermatophoric
plate. Spermatophores, consisting of vermicular white filaments of
variable length (4–9 mm), are composed by two parts: the central
sperm mass and a three-layered spermatophore wall ([37]; PG,
unpubl. data]. Following ejaculation and spermatophore attach-
ment to the female thorax, this wall rapidly hardens in water and
no sperm is released until egg spawning, which occurs within days
to weeks from mating [31], thus leaving ample opportunities for
multiple mating by both sexes, and hence for sperm competition.
In fact, males mating with already mated females feed on
spermatophores previously deposited by other males before
releasing their own sperm [28,38], likely leading to a strongly
skewed last-male prevalence in paternity [25]. Fertilization takes
place externally, when the mass of eggs, accompanied by a copious
amount of glair, is extruded from the female thoracic oviducts and
passes over the spermatophores. The glair dissolves their hard
membrane and brings spermatozoa, which are aflagellate and
immotile in decapods [39,40], into contact with eggs [41].
Sexually mature (.27 mm of carapace length; CL hereafter)
male and female crayfish that had not yet mated in the current
year (‘virgin’ individuals hereafter) were collected under license of
the local authority (Provincia di Piacenza, authorization N.
0067895, issued on September 22, 2010) from seven different
streams tributaries of the river Trebbia (N Apennines, Emilia-
Romagna, Italy) during September 2010 (194 individuals, sex-
ratio 1:1) and 2011 (212 individuals, sex-ratio 1:1) before the
breeding season began. Sexes were held separately under a natural
light:dark cycle in 150-l opaque plastic jars. Further details on
housing conditions are provided in [25,26,30,31]. Crayfish were
uniquely marked with a number on the top of the carapace to
allow individual identification. CL of individuals of both sexes and
right and left chelae length of males were recorded using a digital
calliper (accuracy 0.01 mm); as a measure of chelae length we used
the maximum chelae length (chelae length hereafter), and only
individuals with both chelipeds were considered for mating trials.
The occurrence of regenerated chelipeds was noted, and relative
chelae asymmetry was calculated as the percentage of the absolute
difference in size between the two chelae on chelae length
[25,30,31]. In our sample, relative chelae asymmetry ranged
between 0% and 67%, being on average 9%. This measure of
chelae asymmetry was highly repeatable (r=0.99; see [30]) due to
large interindividual variation, and was not related to chelae
length (r=0.017, P.0.80, n=163). At the end of trials, all crayfish
were returned to their natal streams.
Mating Trials
In both years, we formed focal pairs of crayfish by randomly
assigning a virgin, receptive female (identified by the whitish
colour of mature glair glands along abdominal sternites) to a virgin
male. The mean difference between male and female CL of
mating pairs was 20.04 mm 67.98 s.d. (ranging from 215.8 to
18.3 mm, non-significantly different from 0, t162 =20.07,
P=0.95; Table 1). We used 161 pairs in mating trials: 57 in
2010 (40 females spawned before trials started and became no
longer suitable for tests), and 104 in 2011 (two pairs died before
the start of experiments). Forty-three pairs were formed by
individuals belonging to the same natal stream.
The onset of breeding activity was determined by preliminary
mating trials; the first mating attempts were observed around
October 20 in both years. Mating trials took place in the afternoon
between 4–11 November 2010 (the delay was due to technical
constraints) and between 24 October–9 November 2011. Ten min
before a trial started, pair members were placed separately in a 15-
l plastic aquarium, provided with a gravel substratum, air stones
and an opaque perforated plastic divider, forming two habituation
chambers. The divider was then removed and the animals were
allowed to freely interact for 60 min. Four pairs were observed at a
time under dim red light and their behaviour was recorded by an
observer; if copulation and spermatophore deposition (i.e.
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insemination) did not occur during a mating trial, pair members
were returned to their original jar and re-tested in the following
days until a maximum of four trials was reached (the same pair
was tested on average 1.5 times). Overall, we performed 242
mating trials, and insemination took place in 113 out of 161
crayfish pairs (40/57 in 2010 and 73/104 in 2011).
After insemination, we took two pictures of the ventral parts of
each female with a millimetre reference by its side using a digital
camera (Panasonic Lumix DMC FZ28, 10.1 Mp sensor resolution,
3.64862.736 pixels output images) in a standard photographic set
(illumination, camera settings and distance of the subject set
constant for all pictures). Spermatophores were then removed
from female ventral parts and opened within 10 min of collection
to determine sperm viability and longevity (see below).
Measures of Ejaculate Size and Quality
As a measure of ejaculate size we calculated the area covered by
spermatophores on the female ventral parts (sperm area hereafter).
Spermatophores are mostly deposited horizontally as a single layer
on or around the female spermatophoric plate, with limited
overlap. Sperm area represents a reliable index of sperm
expenditure, as it is strongly positively correlated with both sperm
mass (r=0.83, P,0.0001, n=49) and total sperm number
(r=0.72, P,0.0001, n=42; see [42]).
The total area covered by spermatophores was measured in
mm2 using the image processing and analysis software ImageJ 1.44
[43]. Within a subsample of individuals, sperm area was highly
repeatable both within and between pictures of the same female
(r=1.0, F9,10 = 4969.2, P,0.0001, and r=0.99, F9,10 = 2376,
P,0.0001, respectively).
Measures of sperm quality were recorded only on ejaculates
collected in 2011, when we developed a reliable method to extract
and analyze sperm. Astacid crayfish spermatozoa, which are
tightly packed within the spermatophore lumen, are large, roundish
and aflagellate. At release from opened spermatophores, sperm
cells activate by spreading out a variable number of tiny radial
arms or spikes (3–9, Fig. 1a), which seemingly serve to passively
attach the sperm to the surrounding eggs within the glair emitted
by females during spawning [44].
We recorded two measures of sperm quality: sperm viability,
expressed as the % of live sperm at extraction from the
spermatophore, and sperm longevity, expressed as the % of live
sperm at 30 min after extraction from the spermatophore and
sperm cell activation. We used the % of live sperm at 30 min as a
proxy of sperm longevity because crayfish sperm are non-motile
and, thus, sperm longevity cannot be assessed through the
traditional measures of duration of sperm motility (e.g. [45,46]).
Two complete, randomly selected, fresh spermatophores from 55
males were placed separately into 100 ml of NaCl 0.9%
physiological solution. Using soft tweezers and microlancets, each
spermatophore was uncapped under a binocular microscope and
Table 1. Body traits of male and female crayfish used in mating trials in the two years of study.
Body traits 2010 (n=57) 2011 (n=164)
mean s.d. min; max Mean s.d. min; max
Female CL (mm) 40.15 4.65 29.7; 50.5 39.88 4.57 30.3; 52.2
Female body mass (g) 19.35 6.73 8.5; 37 19.30 6.91 9; 45
Male CL (mm) 40.07 6.92 29.4; 51.9 40.10 6.56 28.1; 52.7
Male body mass (g) 22.03 12.54 7.5; 46 23.22 12.64 7; 65
CL difference male-female (mm) 0.08 8.88 215.2; 18.3 20.11 7.49 215.8; 18.1
Male chelae length (mm) 33.96 11.17 19.2; 55.8 34.00 10.149 18.3; 53.3
Chelae asymmetry (mm) 3.06 5.46 0; 29.2 3.11 5.05 0; 31
doi:10.1371/journal.pone.0043771.t001
Figure 1. Stained freshwater crayfish sperm cells released from
spermatophores (406magnification). a) Phase contrast microsco-
py: note the radial nuclear arms or spikes spreading out from the sperm
cells at activation; b) Fluorescence microscopy: the same sperm cells
under fluorescence light with blue excitation filter (l= 450–480 nm);
living sperm with intact cellular membranes are green, while dead
sperm are red.
doi:10.1371/journal.pone.0043771.g001
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gently squeezed to collect two 10 ml sperm samples by a micro-
pipette; one sample was immediately analyzed at extraction to
assess viability, whereas the other was conserved in an Eppendorf
tube at 10uC and processed after 30 min to assess longevity. The
latter procedure led to sample decay (sperm agglutination) in 8
cases. Thus, we analyzed two sperm samples at extraction for 55
males and two at 30 min for 47 males.
To assess sperm viability and longevity, we used a live/dead
sperm viability assay (Invitrogen Molecular Probes), which stains
live sperm green with SYBR-14, a membrane-permeant nucleic
acid stain, while dead sperm with damaged membranes is stained
red with membrane-impermeant propidium iodide (Fig. 1b). Each
sperm sample was added with 3 ml of diluted (1:25 in DMSO and
then 1 10 in distilled water) 1 mM SYBR-14, incubated in the
dark for 5 min and mixed with 1 ml of 2.4 mM propidium iodide.
The sample was then incubated in the dark for an additional
5 min before being observed in fluorescence microscopy on an
‘‘improved Neubauer chamber’’ haemocytometer. The incubation
period for both stains was shortened from 10 to 5 min in order to
limit the potential negative effects described for this method [47].
For each sample we assessed the proportion of live sperm over 100
sperm cells counted using an Olympus BX51 microscope
equipped with a 100W mercury lamp, at a 406 magnification
under a 450–480 nm excitation filter. This measure resulted
highly repeatable between the two spermatophores from the same
ejaculate both soon after extraction (r=0.98, F9,10 = 137.4,
P,0.0001) and after 30 min (r=0.99, F9,10 = 296.6, P,0.0001).
Thus, we averaged sperm viability and longevity measured on the
two spermatophores, and the mean value was used in the analyses.
Descriptive statistics of ejaculate traits are shown in Table 2.
Statistical Analyses
All variables expressed as proportions (including relative chelae
asymmetry, sperm viability and longevity) were !-arcsine trans-
formed (and thus expressed as degrees) before being included in
the analyses. The difference in CL between male and female of
mating pairs (CL difference hereafter) was expressed as the
absolute value.
Since male chelae length scaled allometrically with CL (type II
log-log linear regression of chelae length on male CL: estimate
1.89, 95% c.i. 1.81–1.99) and the two variables were strongly
positively related (r=0.95, see also [30]), their simultaneous
inclusion in statistical models as independent predictors may result
in unreliable parameter estimates. We therefore applied a
principal component analysis on log-transformed male CL and
chelae length to obtain a measure of chelae size relative to body
size (e.g. [48]). The first component (PC1) explained 97.8% of
variance and was indeed strongly positively related to both male
traits (loading 0.99), thus reliably capturing variance in body size.
On the other hand, the second component (PC2), which explained
the residual variance, was positively related to chelae length
(loading 0.15) and negatively to male CL (loading 20.15); PC2
therefore expressed variation in shape of both chelae and CL: high
scores of this component denoted males with relatively large chelae
but relatively small CL. We thus considered PC2 as a measure of
relative chelae size and included both components as independent
predictors in statistical models.
We first evaluated the factors affecting the probability that
insemination occurred during a mating trial (probability of
insemination hereafter) by using a mixed binary logistic regression
including stream of male origin and year as random effects, and
stream origin of pair members (same or different stream of origin),
number of trials, date of trial (with day 1= 24 October for both
years), PC1 (male body size), PC2 (relative chelae size), female CL,
CL difference and male chelae asymmetry as covariates.
To assess the relationships between ejaculate features (sperm
area, sperm viability and longevity), female size and male SSCs,
we ran mixed model analyses (REML method, degrees of freedom
estimated according to the Kenward-Roger method), including
stream of male origin and year as random effects, and stream
origin of pair members (same or different), date of insemination
(with day 1= 24 October for both years), number of trials, PC1,
PC2, female CL, CL difference, and male chelae asymmetry as
covariates. In models of sperm viability and longevity, we
additionally included sperm area as a possible predictor of these
sperm traits. Statistical analyses were performed using SPSS 18.0,
R 2.8.1 and SAS 9.1.3 (GLIMMIX procedure) packages.
Estimates of regression coefficients are reported together with
their associated standard errors.
Results
Probability of insemination decreased significantly with the
number of mating trials a pair effected (20.8060.23, t138 =23.44,
P=0.0008) and marginally non-significantly with increasing CL
difference between pair members (20.09260.047, t138 =21.95,
P=0.052). Conversely, probability of insemination was unaffected
by date of testing or any other variable (all P-values .0.26). These
results were strengthened when all non–significant predictors were
removed from the model at a time (number of trials: 20.8260.23,
t144 =23.53, P=0.0006; CL difference: 20.09360.046,
t144 =22.00, P=0.047).
The mixed model of sperm area showed that PC2 (relative
chelae size) was significantly negatively associated with ejaculate
Table 2. Ejaculate traits of male crayfish used in this study.
Traits n mean s.d. min; max CV
Sperm area (mm2) 113 33.32 14.93 5.35; 73.7 44.81
Sperm viability (%) 55 67.95 17.43 13.2; 91.6 25.65
Sperm longevity (%) 47 49.31 16.83 8.5; 79.8 34.14
Sperm viability is expressed as the % of live sperm at extraction from the
spermatophores, while sperm longevity is the % of live sperm after 30 min of
extraction (see Materials and Methods for details). CV = coefficient of variation.
doi:10.1371/journal.pone.0043771.t002
Figure 2. Relationships between sperm area and relative
chelae size. Relative chelae size is expressed as PC2 scores (see
Methods). The regression line is shown.
doi:10.1371/journal.pone.0043771.g002
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size (estimate: 23.9961.16, F1,102 = 11.9, P=0.0008). Thus,
males with relatively smaller chelae allocated more sperm to
females than males with relatively larger chelae (Fig. 2). Sperm
area significantly increased with insemination date (F1,23 = 8.48,
P=0.008; estimate: 1.0860.37; Fig. 3), while no significant effects
of all other predictors, including PC1 (relative body size), were
apparent (all P-values .0.08). Results were qualitatively un-
changed when all non-significant predictors were removed at a
time from the model (details not shown for brevity).
The mixed model of sperm viability showed a positive, though
marginally non-significant, effect of sperm area (F1,45 = 3.74,
P=0.059; estimate: 0.2560.13), and a significant effect of origin of
pair members (F1,45 = 7.86, P=0.007; estimate: 8.6063.07). No
other terms reached statistical significance (all P-values .0.18).
The effect of sperm area was however possibly masked by the
simultaneous inclusion of PC2 (relative chelae size) and date of
insemination, both of which covaried with sperm area (see above).
Indeed, when all non-significant predictors were removed at a
time from the model, the effect of sperm area on sperm viability
became highly statistically significant (F1,52 = 9.12, P=0.004;
estimate: 0.3460.11), and the significant effect of origin of pair
members was confirmed (F1,52 = 7.14, P=0.010; estimate:
7.8262.93). Thus, larger ejaculates contained more viable sperm
and males ejaculated more viable sperm when mating with females
coming from the same stream than when pair members came from
different streams.
A mixed model including all variables showed that sperm
longevity increased with increasing date of insemination
(F1,38 = 6.42, P=0.016, estimate: 1.0460.41). Conversely, sperm
longevity significantly decreased with increasing chelae asymmetry
(F1,38 = 4.54, P=0.039, estimate: 20.3160.14; Fig. 4). All other
variables did not significantly predict sperm longevity in any
model (all P-values .0.10). Results were qualitatively unaltered
when all non-significant terms were removed from the model at a
time (insemination date: F1,45 = 5.73, P=0.020, estimate:
0.7660.32; chelae asymmetry: F1,45 = 6.97, P=0.011, estimate:
20.3860.14). Thus, males that inseminated females later in the
breeding season emitted longer-lived sperm. Conversely, males
with highly asymmetric chelae appeared to release shorter-lived
sperm.
Discussion
The main finding of our study was that, consistent with sperm
competition theory rather than with the phenotype linked fertility
hypothesis (sensu [19]), the expression of sexual weapons, chelae
size, an androgen-dependent trait in decapods [49], negatively
covaried with sperm expenditure, though it did not predict sperm
viability or longevity. Therefore, for similarly-sized males,
ejaculate size decreased with increasing chelae length. Since
ejaculate size was positively related to sperm viability, this
suggested that relatively larger-clawed males were also less fertile.
In addition, the sperm of highly asymmetric-clawed males, which
have been investing energy in regenerating a lost cheliped, showed
a reduced longevity compared with those of more symmetric-
clawed individuals.
Thus, energy allocation to weapons may competitively reduce
energy investment in sperm production and quality, and males
with exaggerated SSCs may therefore be incapable of increasing
investment in their ejaculates. Alternatively, larger-clawed males
could reduce sperm allocation per female in order to fertilize a
greater number of partners than smaller-clawed males (e.g.
[50,51]). However, probability of mating was unrelated to male
chelae size, and thus larger-clawed males are unlikely to produce
smaller ejaculates in order to allocate sperm sparingly among
multiple partners. Nevertheless, males growing larger weapons are
advantaged in inter-male agonistic encounters as well as in
coercive mating [28,52], but beyond a certain threshold, they may
become hindered by these massive structures (chelae in decapods
can actually make up 35–50% of their total dry weight; [24]),
mainly if males invest more in developing larger chelae, or in
regrowing a lost chela, than in producing a high-quality chelae
muscle, as for example occurs in male slender crayfish (Cherax
dispar, [53]). Although favoured in pre-copulatory sexual compe-
tition (intimidation or fighting), males with disproportionately
large chelae release fewer sperm and thus may be disfavoured by
post-copulatory sexual selection either in the form of sperm
competition or cryptic female choice. In fact, this handicap may
promote cryptic female choice for males that are better able to
trade efficiency in pre-copulatory sexual competition (chelae size)
with efficiency in post copulatory sexual selection (ejaculate size
and quality): males that do not grow chelae disproportionately
Figure 3. Relationships between sperm area and date of
insemination. The regression line is shown.
doi:10.1371/journal.pone.0043771.g003
Figure 4. Relationships between sperm longevity and male
chelae asymmetry. Both variables were ! arcsine-transformed and are
thus expressed in degrees (u) (see Materials and Methods). The
regression line is shown.
doi:10.1371/journal.pone.0043771.g004
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larger than their carapace could be favoured by post-copulatory
sexual selection.
These findings may be reconciled with our previous study
documenting female differential allocation to egg and clutch size
depending on male traits [31], with females laying larger clutches
for relatively large-sized and small-clawed males, possibly maxi-
mising their reproductive success since this allocation pattern may
lead to an increased production of high-quality offspring (classical
differential allocation). On the other hand, females laying fewer
larger eggs for small, large-clawed males may be optimizing clutch
size to the limited sperm supplies provided by relatively small-
sized, large-clawed males. Whether a larger investment in egg size
than number reflects a form of maternal favouritism or
‘compensatory’ maternal investment (sensu [54–56]) remains to
be elucidated by determining the fitness payoffs of relatively large-
clawed males under natural, competitive, mating conditions.
Another remarkable finding of this study is that male crayfish
provided more viable sperm when mated to females of their own
natal stream. This surprising allocation strategy may result in
favouring genetically more similar females, which may possess co-
adapted gene complexes associated with beneficial adaptations to
local environmental conditions, thus preventing outbreeding
depression [57,58]. Thanks to a vast array of sense organs (eyes,
chemoreceptors, sensory hairs), crayfish males might recognize
females of their own stream not only by means of distance (sex
pheromone) and tactile chemoreception [44,59], but also visually,
perhaps through variation in body colour linked to stream
substrate (PG, pers. obs.; [60]). Recent studies of humans, feral
fowl and crickets suggest that males are capable of making rapid
adjustments to the quality of sperm they ejaculate [61–63]. Male
crayfish may adjust sperm viability by means of seminal fluids
secreted by vasa deferentia during sperm transit, which may function
in nourishing and conserving sperm during and after ejaculation,
thereby influencing viability of sperm contained in the spermato-
phores. Alternatively, male crayfish can have sperm in their vasa
deferentia that vary in age, as for example occurs in the cricket Acheta
domesticus [64]; in this case, males could be able to allocate their
more valuable young viable sperm to copulations that are likely to
provide the greater reproductive payoff, and this may occur when
mating with females of their own population [58]. Of course,
sperm viability could also be affected by the female’s reproductive
tract [65], but in A. italicus spermatophores are attached externally
to female body and sperm contained in spermatophores does not
come in contact with the female genital tract (see Introduction).
Moreover, in our experimental design, spermatophores remained
attached to female sternites for just few minutes after ejaculation,
i.e. before female egg release, and it is thus highly unlikely that
female body fluids mediated the differences in sperm viability we
observed between pairs from the same stream and pairs from
different streams.
Probability of insemination did not increase with date of trial,
i.e. male and female receptivity was similar all over the breeding
season, but sperm investment increased with insemination date.
The increase in sperm expenditure with breeding season we
observed in this study is not surprising, since in our previous
experiments we found that both ejaculate size and duration of
copulation increased with date of insemination [30]. Interestingly,
also sperm longevity increased with insemination date. Longevity
of sperm after release from spermatohores may be the key
component of fertilization success in a species where sperm are
immotile and may take hours to reach eggs. At the end of breeding
season, most females are ready to spawn and the lag between
insemination and spawning may be very short (even a few minutes
after insemination), thereby reducing female chances of further
mating, as males rarely approach and attempt to mate with
spawning females [28,38] and lowering the risk for last-mating
males of sperm removal by rivals. Thus, for males copulating with
virgin females the risk of sexual interference (total removal of
spermatophores, see [25]) or sperm competition (partial removal of
spermatophores) should be higher at the start of breeding season,
when weeks may pass between insemination and egg spawning,
and females may repeatedly mate with other males in the
meantime [25,31]. Moreover, spermatophores attached to female
ventral side may also be consumed by the attrition with substrate
during locomotion. Under this scenario, males are expected to
forgo copulation or invest fewer and lower-quality sperm in risky
matings early in the breeding season, when the opportunity of
future mating is higher. Conversely, the risk to have their own
sperm removed or lost should be lower for males copulating at the
end of the breeding season, when also opportunity for further
mating substantially declines [66]. Hence, a male strategy to
increase own chances of paternity should be to allocate the best-
quality ejaculates late in the breeding season to females which are
in pre-spawning condition, as this study showed. Admittedly, this
strategy may be mainly or only played on by large, dominant
males that can easily monopolize larger females and for a longer
time compared to smaller males. This may happen because large
males may actively displace the latter from copulation or limit
their access to females in competitive contexts, thus potentially
increasing their own mating opportunities [28,30,52]. This pattern
of sperm allocation deviates from theoretical models of sperm
competition, which predict increased sperm expenditure under
sperm competition risk [1], but is consistent with the strongly
loaded raffle occurring among males (and sperm) of this crayfish
species. Actually, even a single rival is able to completely remove
or significantly reduce previously deposited spermatophores [25],
and males do not gain any advantage by increasing their sperm
expenditure with increasing risk of sperm competition, because the
more sperm they release, the more is removed by subsequent
mating males [26].
Finally, the probability of insemination was higher on the first
attempt, declining over successive trials, and varied according to
body size difference between partners. The relative size of partners
may be important in shaping mating decisions in this species.
Males may have greater difficulties in seizing and assuming the
correct copulation position when mating with females much
smaller than them, while, on the other hand, a male much smaller
than his partner hardly or never achieves any mating if the female
resists (PG, pers. obs.). Taken together, these findings confirm that
males and females do not mate indiscriminately [28,52], but if the
pair is not well assorted by size, mating may not occur at all or be
delayed until the end of the breeding season.
In conclusion, this study highlighted some aspects of the sexual
behaviour of A. italicus that may contribute to our understanding of
selective forces shaping mating strategies, including the role of
male SSCs in post-copulatory sexual selection and female
preference. According to sperm competition theory [1,67], post-
copulatory sexual selection may counteract the effects of pre-
copulatory sexual selection in this crayfish species. Inter-male
competition for mating and the coercive mode of copulation may
have driven, in a seemingly Fisherian runaway fashion, the
evolution of exaggerated armaments to the point that some males
became handicapped in sexual competence.
Acknowledgments
We are grateful to E. Merli (Province of Piacenza) for providing
permissions to collect and temporarily detain crayfish. Many thanks are
also due to G. Faggiana for his help with fieldwork, laboratory housing and
Male Traits and Sperm Traits in a Crayfish
PLOS ONE | www.plosone.org 6 August 2012 | Volume 7 | Issue 8 | e43771
experiments. We also warmly thank C. Pellicciari for providing fluorescent
microscope and M. B. Rasotto for her useful suggestions and laboratory
facilities. R. Ambrosini and C. Pasquaretta kindly provided advice on
statistical analyses.
Author Contributions
Conceived and designed the experiments: PG DR. Performed the
experiments: PG GB LL RS. Analyzed the data: PG DR RS. Contributed
reagents/materials/analysis tools: PG LL MF RS. Wrote the paper: PG
DR.
References
1. Parker GA (1998) Sperm competition and the evolution of ejaculates: toward a
theory base. In: Birkhead TR, Møller AP, editors. Sperm Competition and
Sexual Selection. London: Academic Press. 1–54.
2. Simmons LW (2001) Sperm competition. Princeton: Princeton University Press,
Princeton.
3. Tazzyman SJ, Pizzari T, Seymour RM, Pomiankowski A (2009). The evolution
of continuous variation in ejaculate expenditure strategy. Am Nat 174: E71–
E82.
4. Simmons LW, Emlen DJ (2006) Evolutionary trade-off between weapons and
testes. Proc Natl Acad Sci USA 103: 16346–16351.
5. Pitcher TE, Doucet SM, Beausoleil J-MJ, Hanley D (2009) Secondary sexual
characters and sperm traits in coho salmon Oncorhynchus kisutch. J Fish Biol 74:
1450–1461.
6. Evans JP (2010) Quantitative genetic evidence that males trade attractiveness for
ejaculate quality in guppies. Proc R Soc Lond B 277: 3195–3121.
7. Rowe M, Swaddle JP, Pruett-Jones S, Webster MS (2010) Plumage coloration,
ejaculate quality and reproductive phenotype in the red-backed fairy-wren.
Anim Behav 79: 1239–1246.
8. Birkhead TR, Fletcher F (1995) Male phenotype and ejaculate quality in the
zebra finch Taeniopygia guttata. Proc R Soc Lond B 262: 329–334.
9. Pizzari T, Jensen P, Cornwallis CK (2004) A novel test of the phenotype-linked
fertility hypothesis reveals independent components of fertility. Proc R Soc
Lond B 271: 51–58.
10. Locatello L, Rasotto MB, Adriaenssens B, Pilastro A (2008) Ejaculate traits in
relation to male body size in the eastern mosquitofish Gambusia holbrooki. J Fish
Biol 73: 1600–1611.
11. Klaus SP, Fitzsimmons LP, Pitcher TE, Bertram SM (2011) Song and sperm in
crickets: a trade off between pre- and post-copulatory traits or phenotype linked
fertility? Ethology 117: 154–162.
12. Merila¨ J, Sheldon BC (1999) Genetic architecture of fitness and nonfitness traits:
empirical patterns and development of ideas. Heredity 83: 103–109.
13. Pilastro A, Evans JP, Sartorelli S, Bisazza A (2002) Male phenotype predicts
insemination success in guppies. Proc R Soc Lond B 269: 1325–1330.
14. Malo AF, Roldan ERS, Garde J, Soler AJ, Gomendio M (2005) Antlers honesty
advertise sperm production and quality. Proc R Soc Lond B 272: 149–157.
15. Locatello L, Rasotto MB, Evans JP, Pilastro A (2006) Colourful male guppies
produce faster and more viable sperm. J Evol Biol 19: 1595–1602.
16. Rogers DW, Denniff M, Chapman T, Fowler K, Pomiankowsky A (2008) Male
sexual ornament size is positively associated with reproductive morphology and
enhanced fertility in the stalk-eyed fly Teleopsis dalmanni. BMC Evol Biol 8: 236–
242.
17. Janhunen M, Rudolfsen G, Keka¨la¨inen J, Figenschou L, Peuhkuri N, et al.
(2009) Spawning coloration and sperm quality in a large lake population of
Arctic charr (Salmonidae: Salvelinus alpinus L.). Biol J Linn Soc 98: 794–802.
18. Rasotto MB, de Mitcheson YS, Mitcheson G (2010) Male body size predicts
sperm number in the mandarinfish. J Zool 281: 161–167.
19. Sheldon BC (1994) Male phenotype, fertility, and the pursuit of extra-pair
copulation by female birds. Proc R Soc Lond B 257: 25–30.
20. Pilastro A, Gasparini C, Boschetto C, Evans JP (2008) Colourful male guppies do
not provide females with fecundity benefits. Behav Ecol 19: 374–381.
21. Gherardi F, Acquistapace P, Barbaresi S (2000) The significance of chelae in the
agonistic behaviour of the white-clawed crayfish Austropotamobius pallipes. Mar
Freswh Behav Physiol 33: 187–200.
22. Rhodes CP, Holdich DM (1979) On size and sexual dimorphism in
Austropotamobius pallipes (Lereboullet). Aquaculture 17: 345–358.
23. Grandjean F, Harris DJ, Souty-Grosset C, Crandall K (2000) Systematics of the
European endangered crayfish species Austropotamobius pallipes pallipes (Decapoda:
Astacidae). J Crustacean Biol 20: 522–529.
24. Stein RA (1976) Sexual dimorphism in crayfish chelae: functional significance
linked to reproductive activities. Can J Zool 54: 220–227.
25. Galeotti P, Pupin F, Rubolini D, Sacchi R, Nardi PA, et al. (2007) Effects of
female mating status on copulation behaviour and sperm expenditure in the
freshwater crayfish Austropotamobius italicus. Behav Ecol Sociobiol 61: 711–718.
26. Galeotti P, Rubolini D, Pupin F, Sacchi R, Fasola M (2008) Sperm removal and
ejaculate size correlate with chelae asymmetry in a freshwater crayfish species.
Behav Ecol Sociobiol 62:1739–1745.
27. Juanes F, Smith LD (1995) The ecological consequences of limb damage and loss
in decapod crustaceans: a review and prospectus. J Exp Mar Biol Ecol 193: 197–
223.
28. Villanelli F, Gherardi F (1998) Breeding in the crayfish, Austropotamobius pallipes:
mating patterns, mate choice and intermale competition. Freshw Biol 40: 305–
315.
29. Snedden WA (1990) Determinants of male mating success in the temperate
crayfish Orconectes rusticus: chela size and sperm competition. Behaviour 115:
100–113.
30. Rubolini D, Galeotti P, Ferrari G, Spairani M, Bernini F, et al. (2006) Sperm
allocation in relation to male traits, female size, and copulation behaviour in a
freshwater crayfish. Behav Ecol Sociobiol 60: 212–219.
31. Galeotti P, Rubolini D, Fea G, Ghia D, Nardi PA, et al. (2006) Female
freshwater crayfish adjust egg and clutch size in relation to multiple male traits.
Proc R Soc Lond B 273: 1105–1110.
32. Rubolini D, Galeotti P, Pupin F, Sacchi R, Fasola M (2007) Repeated mating
and sperm depletion in relation to body size among freshwater crayfish
Austropotamobius italicus males. Freshwater Biol 52: 1898–1906.
33. Snook RR (2005) Sperm competition: not playing by the numbers. Trends Ecol
Evol 20: 46–53.
34. Grandjean F, Romain D, Avila-Zarza C, Bramard M, Souty-Grosset C, et al.
(1997) Morphometry, sexual dimorphism and size at maturity of the white-
clawed crayfish Austropotamobius pallipes pallipes (Lereboullet) from a wild French
population at Deux-Sevres (Decapoda, Astacidea). Crustaceana 70: 31–44.
35. Fratini S, Zaccara S, Barbaresi S, Grandjean F, Souty-Grosset C, et al. (2005)
Phylogeography of the threatened crayfish (genus Austropotamobius) in Italy:
implications for its taxonomy and conservation. Heredity 94: 108–118.
36. Matthews MA, Reynolds JD (1995) A population study of the white-clawed
crayfish Austropotamobius pallipes (Lereboullet) in an Irish reservoir. Biol Environ
95B: 99–109.
37. Dudenhausen EE, Talbot P (1983) An ultrastructural comparison of soft and
hardened spermatophores from the crayfish Pacifastacus leniusculus Dana.
Can J Zool 61: 182–194.
38. Reynolds JD, Celada JD, Carral JM, Matthews MA (1992) Reproduction of
astacid crayfish in captivity – current developments and implications for culture
with special reference to Ireland and Spain. Invertebr Reprod Dev 22: 253–266.
39. Jamieson BGM (1991) Ultrastructure and phylogeny of crustacean spermatozoa.
Mem Queensland Mus 31: 109–142.
40. Tudge C, Koenemann S (2009) Spermatozoal morphology and its bearing on
Decapod phylogeny. In: Martin JW, Crandall KA, Felder DL, editors. Decapod
Crustacean Phylogenetics, Crustacean Issue 18. Boca Raton: CRC Press. 101–
120.
41. Reynolds JD (2002) Growth and Reproduction. In: Holdich DM, editor. Biology
of Freshwater Crayfish. Oxford: Blackwell Science. 152–191
42. Galeotti P, Rubolini D, Pupin F, Sacchi R, Altobelli E, et al. (2009) Presence of
rivals reduces mating probability but does not affect ejaculate size in the
freshwater crayfish Austropotamobius italicus. Behaviour 146: 45–68.
43. Rasband WS (2012) ImageJ. US National Institutes of Health, Bethesda,
Maryland, http://imagej.nih.gov/ij/. Accessed 2012 July 16.
44. Vogt G (2002) Functional anatomy. In: Holdich DM, editor. Biology of
Freshwater Crayfish. Oxford: Blackwell Science. 53–151.
45. Gage MJG, Macfarlane CP, Yeates S, Ward RG, Searle JB, et al. (2004)
Spermatozoal traits and sperm competition in Atlantic salmon: relative sperm
velocity is the primary determinant of fertilization success. Curr Biol 14: 44–47.
46. Fitzpatrick JL, Desjardins JK, Milligan N, Montgomerie R, Balshine S (2007)
Reproductive-tactic-specific variation in sperm swimming speeds in a shell-
brooding cichlid. Biol Rep 77: 280–284.
47. Holman L (2009) Sperm viability staining in ecology and evolution: potential
pitfalls. Behav Ecol Sociobiol 63: 1679–1688.
48. Lockwood R, Swaddle JP, Rayner JMV (1998) Avian wingtip shape
reconsidered: wingtips appendices and morphological adaptations to migration.
J Avian Biol 29: 273–292.
49. Barki A, Karplus I, Khalaila I, Manor R, Sagi A (2003) Male-like behavioral
patterns and physiological alterations induced by androgenic gland implantation
in female crayfish. J Exp Biol 206: 1791–1797.
50. Marconato A, Tessari V, Marin G (1995) The mating system of Xyrichthys
novacula: sperm economy and fertilization success J Fish Biol 47: 292–301.
51. Wedell N, Cook PA 1999. Butterflies tailor their ejaculate in response to sperm
competition risk and intensity. Proc R Soc Lond B 266: 1033–1039.
52. Gherardi F, Renai B, Galeotti P, Rubolini D (2006) Nonrandom mating, mate
choice, and male-male competition in the crayfish Austropotamobius italicus, a
threatened species. Arch Hydrobiol 165: 557–576.
53. Wilson RS, Angilletta MJ Jr, James RS, Navas C, Seebacher F (2007) Dishonest
signals of strength in male slender crayfish (Cherax dispar) during agonistic
encounters. Am Nat 170: 284–291.
54. Saino N, Bertacche V, Ferrari RP, Martinelli R, Møller AP, et al. (2002)
Carotenoid concentration in barn swallows eggs is influenced by laying order,
maternal infection and paternal ornamentation. Proc R Soc Lond B 269: 1729–
1733.
Male Traits and Sperm Traits in a Crayfish
PLOS ONE | www.plosone.org 7 August 2012 | Volume 7 | Issue 8 | e43771
55. Bluhm CK, Gowaty PA (2004) Reproductive compensation for offspring
viability deficits by female mallards, Anas platyrhynchos. Anim Behav 68: 985–992.
56. Bolund E, Schielzeth H, Forstmeier W (2009) Compensatory investment in
zebra finches: females lay larger eggs when paired to sexually unattractive males.
Proc R Soc Lond B 276: 707–715.
57. Edmands S (2007) Between a rock and a hard place: evaluating the relative risks
of inbreeding and outbreeding for conservation and management. Mol Ecol 16:
463–475.
58. McClelland EK, Naish KA (2007) What is the fitness outcome of crossing
unrelated fish populations? A meta-analysis and an evaluation of future research
directions. Conserv Genet 8: 397–416.
59. Ingle RW (1977) Laboratory and SCUBA studies on the behaviour of the
freshwater crayfish, Austropotamobius pallipes (Lereboullet). Rep Underw Associ-
ation 2: 1–15.
60. Acquistapace P, Aquiloni L, Hazlett BA, Gherardi F (2002) Multimodal
communication in crayfish: sex recognition during mate search by male
Austropotamobius pallipes. Can J Zool 80: 2041–2045.
61. Kilgallon SJ, Simmons LW (2005) Image content influences men’s semen
quality. Biol Lett 1: 235–255.
62. Pizzari T, Cornwallis CK, Froman DP (2007) Social competitiveness associated
with rapid fluctuations in sperm quality in male fowl. Proc R Soc Lond B 274:
853–860.
63. Thomas ML, Simmons LW (2007) Male crickets adjust the viability of their
sperm in response to female mating status. Am Nat 170: 190–195.
64. Reinhardt K, Siva-Jothy MT (2005) An advantage for young sperm in house
cricket Acheta domestica. Am Nat 165: 718–723.
65. Bernasconi G, Hellriegel B, Heyland A, Ward PI (2002) Sperm survival in the
female reproductive tract in the fly Scatophaga stercoraria (L.). J Insect Physiol 48:
197–203.
66. Sato T, Goshima S (2007) Sperm allocation in response to temporal gradient in
female reproductive quality in the stone crab, Hapalogaster dentata. Anim Behav
74: 903–910.
67. Parker GA (1990) Sperm competition games: raffles and roles. Proc R Soc
Lond B 242: 120–126.
Male Traits and Sperm Traits in a Crayfish
PLOS ONE | www.plosone.org 8 August 2012 | Volume 7 | Issue 8 | e43771
